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Abstract. The ﬁrst simultaneous observations of ﬁelds and
plasmas in Saturn’s high-latitude magnetosphere and UV
images of the conjugate auroral oval were obtained by the
Cassini spacecraft and the Hubble Space Telescope (HST)
in January 2007. These data have shown that the south-
ern auroral oval near noon maps to the dayside cusp bound-
ary between open and closed ﬁeld lines, associated with a
major layer of upward-directed ﬁeld-aligned current (Bunce
et al., 2008). The results thus support earlier theoretical
discussion and quantitative modelling of magnetosphere-
ionosphere coupling at Saturn (Cowley et al., 2004), that
suggests the oval is produced by electron acceleration in the
ﬁeld-aligned current layer required by rotational ﬂow shear
between strongly sub-corotating ﬂow on open ﬁeld lines and
near-corotating ﬂow on closed ﬁeld lines. Here we quanti-
tatively compare these modelling results (the “CBO” model)
with the Cassini-HST data set. The comparison shows good
qualitative agreement between model and data, the princi-
pal difference being that the model currents are too small
by factors of about ﬁve, as determined from the magnetic
perturbations observed by Cassini. This is suggested to be
principally indicative of a more highly conducting summer
southern ionosphere than was assumed in the CBO model.
A revised model is therefore proposed in which the height-
integrated ionospheric Pedersen conductivity is increased by
a factor of four from 1 to 4mho, together with more mi-
nor adjustments to the co-latitude of the boundary, the ﬂow
shear across it, the width of the current layer, and the prop-
erties of the source electrons. It is shown that the revised
model agrees well with the combined Cassini-HST data, re-
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quiring downward acceleration of outer magnetosphere elec-
trons through a ∼10kV potential in the current layer at the
open-closed ﬁeld line boundary to produce an auroral oval of
∼1◦ width with UV emission intensities of a few tens of kR.
Keywords. Magnetospheric physics (Auroral phenomena;
Magnetosphere-ionosphere interactions; Planetary magneto-
spheres)
1 Introduction
Observations of planetary auroras provide a means of re-
motely sensing global magnetospheric dynamics, projected
along ﬁeld lines into the polar upper atmosphere. While
“diffuse” auroral emissions are formed by precipitation from
hot plasma populations produced inside planetary magneto-
spheres, bright structured “discrete” auroras are related to
the ﬁeld-aligned current systems that couple momentum be-
tween the ionosphere and magnetosphere, speciﬁcally re-
gions where current is directed upward from the ionosphere
resulting in downward acceleration of hot magnetospheric
electrons. It is generally understood that for the giant plan-
ets the principal momentum exchange is from planetary ro-
tation to magnetospheric plasma, and that for the planetary
ﬁeld polarities present at both Jupiter and Saturn, upward
currents ﬂow where the plasma angular velocity decreases
with increasing latitude. At such locations a bright “auro-
ral oval” may form if the downward acceleration of magne-
tospheric electrons required by the density of the upward-
directed ﬁeld-aligned current produces precipitating electron
energy ﬂuxes of sufﬁcient intensity.
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Within this general scenario, two basic processes have
been discussed that may lead to a fall in plasma angular
velocity with latitude, and the consequent formation of a
ring of upward-directed ﬁeld-aligned current. The ﬁrst is
plasma production, pick-up, and radial transport from inter-
nal gas sources such as planetary moons and rings, leading
to sub-corotation of the magnetospheric plasma on closed
magnetic ﬁeld lines (e.g. Hill, 1979; Vasyliunas, 1983; Saur
et al., 2004). This is the process believed to produce the
“main oval” at Jupiter (Cowley and Bunce, 2001; Hill, 2001;
Southwood and Kivelson, 2001), mapping magnetically into
the middle magnetosphere (Clarke et al., 1998; Prang´ e et
al., 1998). However, modelling of the same current system at
Saturn based on Voyager plasma angular velocity measure-
ments led Cowley and Bunce (2003) to conclude that the
ﬁeld-aligned currents are too weak in this case to result in
signiﬁcant electron acceleration and auroral emission, and
also occur at too low latitude to account for the observed
auroral oval. The second possibility is the ﬂow shear ex-
pected to occur at the boundary between closed ﬁeld lines
that moderately sub-corotate, and open ﬁeld lines in the po-
lar region that strongly sub-corotate according to both the-
ory and observation (Isbell et al., 1984; Stallard et al., 2003,
2004). Cowley et al. (2004a) thus suggested that Saturn’s
main oval maps to this upward current layer at the boundary
between open and closed ﬁeld lines, a suggestion shown in
subsequent modelling to be plausible in terms of accelerated
electron and auroral parameters (Cowley et al., 2004b; Jack-
man and Cowley, 2006). Similar processes may also occur at
Jupiter, forming a component of the auroras lying poleward
of the main oval (Cowley et al., 2005).
In addition to these scenarios that are associated
with large-scale ﬁeld-aligned currents and magnetosphere-
ionosphere momentum coupling, Sittler et al. (2006) have
also proposed that Saturn’s auroral oval is produced by
plasma heating and acceleration initiated by the interchange
instability at the outer edge of Saturn’s plasma sheet. In
this case the oval will map magnetically to closed ﬁeld lines
within the outer part of the magnetosphere, which Sittler et
al. (2006) suggest to lie typically at ∼15RS in the equatorial
plane (Saturn’s radius, RS, is equal to 60268km.). These
ﬁeld lines thus usually lie several Saturn radii inside the day-
side magnetopause, the latter boundary being typically lo-
cated at ∼20–25RS in the sub-solar region, depending on
the dynamic pressure of the solar wind (Arridge et al., 2006).
Badman et al. (2006) have determined the average position
of Saturn’s main oval auroras in the Southern Hemisphere
from sets of UV images obtained by the Hubble Space Tele-
scope (HST) (e.g. G´ erard et al., 2004; Clarke et al., 2005;
Grodent et al., 2005). Mapping these locations along model
ﬁeld lines shows that the emissions relate to the outer mag-
netosphere and magnetopause vicinity beyond the corotation
breakdown region in the middle magnetosphere ring current
(Badman et al., 2006; Bunce et al., 2008a). These results
are thus in agreement with the initial modelling results of
Cowley and Bunce (2003), but do not clearly discriminate
the locations proposed by Cowley et al. (2004a, b) and Sit-
tler et al. (2006). Recently, however, more direct investi-
gation of the origins of Saturn’s auroras has become possi-
ble through HST imaging coordinated with in situ observa-
tions by Cassini in the high-latitude magnetosphere (Clarke
et al., 20081), when the spacecraft crossed ﬁeld lines map-
ping to the auroral oval and polar cap. In the ﬁrst such
study Bunce et al. (2008b) have shown using Cassini ﬁeld
and plasma data that the UV oval observed near noon indeed
maps to the boundary between open and closed ﬁeld lines,
where a major layer of upward-directed ﬁeld-aligned current
ﬂows out of the ionosphere, thus supporting the discussion
of Cowley et al. (2004a) and the model studies of Cowley et
al. (2004b).
The purpose of this paper is to present a comparison of
the unique combined Cassini-HST observations discussed by
Bunce et al. (2008b) with the model results of Cowley et
al. (2004b). It is shown that while the model is in good qual-
itative accord with the data, some parameters require adjust-
ment to provide detailed quantitative agreement.
2 Overview of Cassini and HST observations
Following orbit insertion in mid-2004, the early phase of the
Cassini mission was conﬁned to the near-equatorial regions
of Saturn’s magnetosphere. However, beginning in mid-2006
the orbit was progressively tilted out of the equatorial plane,
allowing exploration of higher latitudes. In January 2007 a
sequence of daily observations of Saturn’s UV auroras was
undertaken using the HST, coordinated with high-latitude
Cassini observations during Rev 37 of the planet. The sub-
set of these data discussed by Bunce et al. (2008b) that forms
the basis of the modelling comparison presented here is sum-
marised in Figs. 1 and 2 for HST and Cassini data, respec-
tively, and will be overviewed in this section prior to discus-
sion of the theoretical modelling in Sects. 3–5.
The auroral images in Fig. 1 were obtained using the solar-
blind channel of the Advanced Camera for Surveys (ACS)
on consecutive HST “visits” on 16 and 17 January 2004,
and show UV emissions in the southern polar region colour-
coded according to the intensity scale on the right. See
Clarke et al. (2008)1 for an overview of the overall HST cam-
paign. The images are projected onto a latitude-local time
grid as though viewed through the planet looking from the
north, with noon at the bottom and dawn to the left. We note
that Saturn’s southern pole was tilted toward the Earth (and
HST) by ∼13◦ during this interval, giving a reasonable view
1Clarke, J. T., Nichols, J. D., G´ erard, J.-C., Grodent, D.,
Hansen, K. C., Kurth, W. R., Gladstone, G. R., Duval, J., Wan-
nawichian, S., Bunce, E. J., Cowley, S. W. H., Crary, F. J.,
Dougherty,M.K., Lamy,L., Mitchell,D., Pryor,W., Retherford,K.,
Stallard,T.S., andZieger,B.: TheresponseofJupiter’sandSaturn’s
auroral activity to the solar wind, J. Geophys. Res., in review, 2008.
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of the southern emissions, but an inadequate view of auroras
in the north. Even so, the images in Fig. 1 are truncated on
the nightside due to the uncertainty in the polar projections
near the planet’s limb. Dotted circles in the ﬁgure are plotted
at5◦ intervalsofco-latitudefromthesouthernpole. Eachim-
age shows the sum of ﬁve individual exposures, obtained for
image A during 05:31–05:41UT “Saturn time” (HST time
minus 69min light travel time from Saturn) on 16 January,
and for image B during 03:21–03:30UT on 17 January. It
can be seen that a relatively narrow and well-deﬁned au-
roral oval was present from dawn to noon in both images,
with broader and somewhat more scattered emissions being
present in the post-noon and dusk sector. It can also be seen
that the emissions contracted poleward somewhat during the
∼22h interval between the two images.
The superposed white lines in the panels of Fig. 1 show the
trajectory of the Cassini spacecraft mapped along magnetic
ﬁeld lines into the southern ionosphere. The magnetic model
employed consists of the sum of the “Cassini” internal ﬁeld
model (Dougherty et al., 2005), and a typical ring current
ﬁeld determined from Cassini data by Bunce et al. (2007)
(speciﬁcally for a typical assumed subsolar magnetopause
position of 21RS, though other choices make only marginal
differences). Dots are shown every six hours along the tra-
jectory, with the start of days indicated by the “day of year”
(DOY) markers. During the relevant interval spanning the
images on days 16–17 the spacecraft was located at near-
constant radial distances of ∼13RS in the Southern Hemi-
sphere mapping to high latitudes in the conjugate southern
ionosphere, and moving from dawn to the post-noon sector
(see further in Fig. 2). The mapped location of the space-
craft at the centre time of each image is shown by the red
dots plotted on the trajectory. It can be seen from these loca-
tions that at the time of image A the spacecraft footprint was
located in the “polar cap” well poleward of the auroral emis-
sions, at ∼09:00LT and ∼8.5◦ co-latitude with respect to the
southern pole. However, by the time of image B the foot-
print had moved just equatorward of the emissions, then be-
ing located at ∼13:00LT and ∼14.5◦ co-latitude. These re-
sults thus show that in the interval between images A and B,
Cassini traversed magnetospheric ﬁeld lines mapping to Sat-
urn’s southern auroral oval, from poleward to equatorward in
the noon sector.
In Fig. 2 we show Cassini plasma electron and magnetic
ﬁeld data spanning the times of the two images in Fig. 1,
speciﬁcally for the 42h interval from 18:00UT on 15 Jan-
uary to 12:00UT on 17 January 2007. Spacecraft position
data are shown at the foot of the ﬁgure. From top to bottom
these give the spacecraft local time (LT in decimal hours),
the co-latitude relative to the northern spin and magnetic axis
(Co-Lat in deg), the radial distance from the planet’s centre
(R in RS), and the magnetically mapped co-latitude of the
spacecraft in the southern ionosphere as in Fig. 1 (θi SH in
deg). The top panel of Fig. 2 then shows an electron spectro-
gramfrom0.6eVto26keVobtainedbytheCAPS-ELSelec-
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Fig. 1. Two HST/ACS UV images of Saturn’s southern auroras ob-
tained on consecutive “visits” in January 2007. The emissions are
colour-coded according to the intensity scale on the right, and are
projected onto a latitude-local time grid as though viewed through
the planet looking from the north, with noon at the bottom and dawn
to the left. Dotted circles are plotted at 5◦ co-latitude intervals from
the southern pole. The images are truncated on the nightside due to
theuncertaintyinthepolarprojectionsneartheplanet’slimb. Image
A (upper panel) was obtained in the interval 05:31–05:41UT “Sat-
urn time” (HST time minus 69min light travel time from Saturn) on
16January, whileimageB(lowerpanel)wasobtainedintheinterval
03:21–03:30UT “Saturn time” on 17 January. The superposed solid
lines show the ionospheric footprint of Cassini mapped magneti-
cally to the ionosphere using the internal planetary ﬁeld combined
with a model ring current ﬁeld as described in the text. White dots
are plotted on the trajectory every six hours, with the start of each
day indicated by the “day of year” (DOY) number. The mapped
spacecraft position at the time at which each image was obtained is
indicated by the red dot in each panel (after Bunce et al., 2008b).
tron spectrometer (Young et al., 2004), colour-coded accord-
ing to the scale on the right. We note that the counts at low-
est energies are mainly spacecraft photoelectrons (at energies
∼30eV and below during the early part of the interval, but
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Fig. 2. Caption on next page.
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Fig. 2. Overview of Cassini plasma electron and magnetic ﬁeld observations obtained during the 42h interval on Rev 37 between 18:00UT
on 15 January and 12:00UT on 17 January 2007, spanning the times of images A and B shown in Fig. 1. The centre times at which these
images were obtained are marked by the vertical dashed lines marked A and B at the top of the ﬁgure. The top ﬁve panels show electron
data obtained by the Cassini CAPS-ELS instrument, speciﬁcally an electron spectrogram from ∼0.6eV to ∼26keV colour-coded according
to the scale on the right (the counts at low energies are mainly spacecraft photoelectrons), followed by plots of bulk parameters obtained by
numerical integration over the electron distribution (excluding photoelectrons and background contamination) assuming the distribution is
isotropic. Bulk parameter values are not shown before ∼10:00UT on 16 January due to low electron ﬂuxes resulting in low measurement
signal-to-noise. The bulk parameters shown are the electron density Ne, the thermal energy Wth e, the current density of electrons moving
in one direction along the ﬁeld lines j||e (the ﬁeld-aligned number ﬂux of these electrons times the electron charge), and the corresponding
ﬁeld-aligned energy ﬂux of these electrons Ef e (see text for further explanation of the last two parameters). The right-hand scale on the
energy ﬂux panel shows the corresponding UV auroral emission expected if these electrons precipitate into the atmosphere unmodiﬁed
by ﬁeld-aligned acceleration. The sixth to eighth panels show the three components of the magnetic ﬁeld in spherical polar coordinates
referenced to the planet’s spin and magnetic axis. The red dashed lines in the Br and Bθ panels show the “Cassini” internal planetary ﬁeld of
Dougherty et al. (2005). No such line is shown in the Bϕ panel, since the model planetary ﬁeld is exactly axi-symmetric with zero azimuthal
component. The bottom panel shows the UV auroral intensity at the ionospheric footprint of the spacecraft in the Southern Hemisphere
obtained from the two HST images shown in Fig. 1, mapped magnetically as for the spacecraft footprint in the latter ﬁgure. The red line
corresponds to image A and the blue to image B. Spacecraft position data are given at the foot of the ﬁgure, speciﬁcally the local time (LT in
decimal hours), the co-latitude with respect to the northern spin and magnetic axes (Co-Lat in degrees), the radial distance of the spacecraft
(R in RS), and the magnetically mapped co-latitude in the southern ionosphere as employed in Fig. 1 (θi SH in degrees) (adapted from Bunce
et al., 2008b).
at less than ∼10eV and below after ∼10:00UT on 16 Jan-
uary). The four panels beneath this then show electron bulk
parameters obtained by numerical integration over the ob-
served distributions (Lewis et al., 2008), where we have as-
sumed that the observed populations are near-isotropic, and
contributions from photoelectrons and background contami-
nation have been removed. Values are not displayed prior to
∼10:00UT on 16 January due to low electron ﬂuxes at the
spacecraft, such that it is impossible to derive reliable mo-
ments with good time resolution. From top to bottom we
show the electron density Ne, the thermal energy Wth e, the
ﬁeld-aligned current density associated with electrons trav-
elling in one direction only along the magnetic ﬁeld lines
j||e, and the corresponding ﬁeld-aligned electron energy ﬂux
Ef e. The last two quantities are speciﬁcally the velocity-
space integrals of ev||fe and
 
mev2
2

v||fe over one hemi-
sphereonlyoftheassumednear-isotropicpopulations, where
e and me are the electron charge and mass, v and v|| are
the electron speed and its ﬁeld-aligned component, and fe
is the electron distribution function. If the electrons are near-
isotropic, as assumed, then the distribution function will be
nearly independent of position along ﬁeld lines down to the
ionosphere, assuming no acceleration processes act to mod-
ify the precipitating electron distribution at lower altitudes.
In this case, the quantities computed correspond to the cur-
rent and energy ﬂux delivered by the precipitating electrons
to the ionosphere as discussed further in Sect. 3 below. The
scale on the right hand side of the energy ﬂux panel then es-
timates the resulting UV auroral emission, on the basis that
1mWm−2 produces ∼10kR (e.g. Rego et al., 1994). In the
magnetosphere itself, of course, the total electron current and
netenergyﬂuxwillbeclosetozeroforanear-isotropicpopu-
lation, the values shown in the ﬁgure being near-exactly can-
celled by electrons moving in the opposite direction along
the ﬁeld. Beneath the CAPS/ELS data we also show mag-
netic data obtained by the Cassini magnetic ﬁeld investiga-
tion (Dougherty et al., 2004), speciﬁcally the three compo-
nents of the magnetic ﬁeld in spherical polar coordinates ref-
erenced to the planet’s spin and magnetic axis, where for
comparison the red dashed lines show the “Cassini” model
planetary ﬁeld. No red line is shown in the Bϕ panel, since
the planetary ﬁeld is closely axi-symmetric and has no mea-
surable azimuthal component. In the bottom panel of Fig. 2
we also show the UV intensity at the spacecraft footprint in
the southern ionosphere obtained from the two images shown
in Fig. 1, where the red line corresponds to image A and the
blue to image B. These plots thus indicate the UV intensity
at the spacecraft footprint versus time if the emissions re-
mained ﬁxed at those observed in images A or B. The emis-
sion peaks corresponding to the traversal of the spacecraft
footprint across the auroral ovals in the two images are evi-
dent.
The centre times of the two HST images are marked by the
vertical dashed lines labelled A and B at the top of the Fig. 2,
the interval between them thus spanning the crossing of the
auroral oval according to the above discussion. As noted
above, at the time of image A the spacecraft footprint in the
southern ionosphere was located well inside the main oval in
the mid-morning sector, as also indicated in Fig. 2 by the low
UV intensities at the spacecraft footprint at that time shown
in the bottom panel (red trace). The Cassini data at this time
show a lack of measurable hot electron ﬂuxes together with
correspondingly “quiet” magnetic ﬁeld components, as had
been the case for ∼40h previously (see Bunce et al., 2008b).
These conditions indicate that the spacecraft was then lo-
cated on open ﬁeld lines inside the auroral oval, mapping
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to Saturn’s southern tail lobe. After this time, the spacecraft
moved increasingly toward the equator in the noon and post-
noon sector, and to larger ionospheric co-latitudes relative
to the southern pole (Fig. 1). At ∼10:00UT on 16 January,
prior to the time of image B, intense ﬂuxes of warm electrons
and “disturbed” ﬁeld components began to be detected, ﬁrst
a structured region of cool magnetosheath-like electrons and
hot keV electrons, followed after ∼21:00UT by continuous
but variable hot electrons, indicative of hot trapped plasma in
the dayside outer magnetosphere. As discussed by Bunce et
al. (2008b), this ﬁeld and plasma sequence indicates that dur-
ing this interval the spacecraft crossed the open-closed ﬁeld
line boundary between the tail lobe and outer dayside magne-
tosphere, in the region of the dayside cusp in the immediate
pre-noon sector. At the time of image B, Cassini was thus
located on closed ﬁeld lines in the outer dayside magneto-
sphere, with its footprint lying just equatorward of the oval
according to image B and the blue trace in the bottom panel
of Fig. 2. This location is not inconsistent with the presence
of hot electrons at the spacecraft, however, since examina-
tion of the electron energy ﬂux values in Fig. 2 shows that
the in situ populations at this time were capable of produc-
ing only sub-kR UV emissions upon precipitation, much less
than those of the main oval in Fig. 1.
The in situ data in Fig. 2 thus show that the traversal of
the main oval ﬁeld lines near noon between the times of im-
ages A and B is associated with the dayside cusp transition
between open and closed ﬁeld lines. However, it is also evi-
dent that the oval is not simply associated with precipitation
of magnetospheric electrons from the boundary region un-
modiﬁed into the atmosphere, since examination of the elec-
tron energy ﬂux values observed between the times of im-
ages A and B in Fig. 2 again shows that they are sufﬁcient
to produce UV emissions typically from a few tenths to a
few kR in intensity, much less than the peak oval emissions
of ∼15–20kR observed along the spacecraft track (bottom
panel of Fig. 2). The conclusion thus follows that the oval
emissions must be due electrons from the observed source
populations between the times of images A and B being ac-
celerated along the ﬁeld lines in the boundary region into
the ionosphere at altitudes below that of the spacecraft (lo-
cated at ∼13RS). As argued by Bunce et al. (2008b), the
origin and nature of the acceleration process is also clearly
indicated in the magnetic data obtained between the times of
images A and B in Fig. 2, speciﬁcally in the behaviour of the
azimuthal ﬁeld component Bϕ shown in panel eight. As in-
dicated above, due to its close rotational symmetry about the
spin axis the internal planetary ﬁeld has no measurable az-
imuthal component, and neither does the near axi-symmetric
ring current ﬁeld. Nevertheless a strong positive Bϕ is ob-
served throughout the region of open ﬁeld lines poleward of
the cusp, which, with signiﬁcant temporal or spatial struc-
ture, drops across the structured cusp region containing cool
magnetosheath-like electrons to small negative values in the
dayside outer magnetosphere region containing the variable
hot electron ﬂuxes. As Bunce et al. (2008b) point out, and
as will be discussed further below, this is the magnetic sig-
nature of a major layer of ﬁeld-aligned current directed up-
ward out of the southern ionosphere. The total current ﬂow-
ing in the layer is ∼4–5MA per radian of azimuth, and with
an estimated layer width of ∼1.5◦–2◦ in the ionosphere, the
ﬁeld-aligned current density just above the ionosphere is esti-
mated to be ∼200–300nAm−2. As can be seen in the fourth
panel of Fig. 2, such current densities typically exceed those
that can be provided to the ionosphere by the unaccelerated
source populations by around an order of magnitude, thus
implying that these electrons must be accelerated into the
ionosphere to carry the observed current, thus producing the
enhanced UV emissions of the noon oval. Indeed, Bunce et
al. (2008b) show using the kinetic theory of Knight (1973)
that the source electrons must be accelerated along the ﬁeld
through voltages of typically several kV to produce such cur-
rent densities, thus amplifying the precipitating electron en-
ergy ﬂux to values capable of producing the few tens of kR
emissions observed. With regard to the emissions observed
along the spacecraft footprint shown in the bottom panel of
Fig.2, itcanbeseenthatpeakintensitiesare∼15–20kRcen-
tred in a region of total half-power width ∼3◦ co-latitude in
the southern ionosphere for both images. However, it should
be recognised that the emission distribution will inevitably
have been somewhat spread in these images due both to the
ﬁnite resolution of the instrument, and by projection effects.
The instrument resolution contributes ∼1◦ spread near the
noon oval, while projection effects, particularly due to the
ﬁnite height of the auroral curtain, likely contributes a fur-
ther ∼1.5◦. The overall co-latitude spread due to both these
effects is thus likely to be ∼2◦ in the vicinity of the noon
oval. It is thus clear that the actual auroral distribution along
the spacecraft track could have been signiﬁcantly narrower
than that indicated by the UV proﬁles in the bottom panel of
Fig. 2.
It is evident from this description that the data in Fig. 2 are
qualitatively in conformity with the theoretical scenario pre-
sented by Cowley et al. (2004a), in which Saturn’s main oval
maps to upward ﬁeld-aligned currents ﬂowing in the open-
closed ﬁeld line boundary region. However, a quantitative
comparison is clearly desirable. In the following sections
we thus compare these data with the axi-symmetric model of
Cowley et al. (2004b), as seems appropriate to a ﬁrst discus-
sion.
3 The CBO model
WebegininthissectionbypresentinganoverviewoftheSat-
urn magnetosphere-ionosphere coupling model of Cowley et
al. (2004b), which for brevity we term the “CBO” model.
Full details are provided in that paper and by Cowley and
Bunce (2003), such that only an outline will be given here.
The nature of the calculation is essentially simple, based on
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an initial assumption of axi-symmetry of the magnetic ﬁeld
and the plasma ﬂow. First, a model of the plasma angular ve-
locity on magnetospheric magnetic ﬁeld lines is constructed,
based principally on Voyager plasma velocity data and the-
oretical considerations. This is then combined with model
ionospheric parameters to compute the equatorward-directed
horizontal ionospheric Pedersen current intensity versus co-
latitude. The divergence of this current then gives the ﬁeld-
aligned current density just above the ionosphere required
by current continuity, extending along ﬁeld lines into the
magnetosphere, from which the auroral acceleration param-
eters are calculated using Knight’s (1973) kinetic theory and
a model of the magnetospheric source electron parameters.
In somewhat more detail, the model plasma angular ve-
locity is deﬁned as a function of the magnetic ﬂux func-
tion F (r,θ), related to the poloidal ﬁeld components by
B=
 
1

r sinθ

∇F× ˆ ϕ, where we use spherical polar co-
ordinates referenced to the planet’s spin and magnetic axes.
Flux function F is constant on magnetic ﬁeld lines, and thus
so is the plasma angular velocity, as required for a steady-
state axi-symmetric model. In the ionosphere, where the
effect of external current systems can be ignored (e.g. tail,
magnetopause, and ring current), the ﬁeld is taken to con-
sist of axially-aligned and azimuthally symmetric internal
dipole, quadrupole, and octupole terms, with north-south
symmetry being broken by the quadrupole. The ﬂux func-
tion for the dipole component, for example, is given by
Fdip (r, θ)=g0
1R2
S sin2 θ
 
RS

r

. The magnetic coefﬁcients
used here are those of the “Cassini” model of Dougherty
et al. (2005) (i.e. g0
1=21084nT with RS=60268km for the
dipole component, for example), as also employed in the
ﬁeld mapping in Figs. 1 and 2. The previous papers by Cow-
ley and Bunce (2003) and Cowley et al. (2004b) employed
the earlier SPV model of Davis and Smith (1990), but these
models differ only at the ∼1% level, which therefore does
not signiﬁcantly affect the results presented. Deﬁning the ar-
bitrary constant in the ﬂux function such that its value is zero
onthepolaraxisandincreasesmonotonicallytowardsamax-
imum close to the equator, the speciﬁc function employed to
model the plasma angular velocity ω, normalised to Saturn’s
angular velocity S, is
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where we directly follow the functional forms employed by
Cowley and Bunce (2003) and Cowley et al. (2004b). In this
expression
 
ω

S

O =0.3 is the normalised angular veloc-
ity on open ﬁeld lines at highest latitudes (smallest F) as
indicated by the theory of Isbell et al. (1984) and the re-
sults of Stallard et al. (2004). This then switches sharply to
the outer magnetosphere value
 
ω

S

OM =0.8 across the
open-closed ﬁeld line boundary at F≈FO=1526nT R2
S, cor-
responding ionospheric co-latitudes of ∼12.9◦ in the north
and ∼14.2◦ in the south (with respect to the southern pole).
The angular velocity switch takes place on a co-latitude
scale of ∼0.5◦, governed by parameter 1FO=50nT R2
S.
As indicated by Voyager velocity data (Richardson, 1986;
Richardson and Sittler, 1990), the normalised plasma angu-
lar velocity then falls toward middle-magnetosphere values
of
 
ω

S

MM =0.6 near F≈F1=2200nT R2
S (∼15.6◦ and
∼17.3◦ in the north and south, respectively), on a scale gov-
erned by exponent n1=50. It then increases gradually once
more towards unity and rigid corotation at lower latitudes
near F≈F2=3600nT R2
S (∼20.4◦ and ∼22.5◦ in the north
and south), governed by exponent n2=8. Translated into
variations versus co-latitude θi in the ionosphere, the result-
ing angular velocity proﬁle is shown in Fig. 3a, where the
dashed line corresponds to the Northern Hemisphere, and the
solid lineto the SouthernHemisphere (plotted withrespect to
the southern pole). Here, as in Cowley and Bunce (2003), the
ionosphere has been taken to correspond to a layer 1000km
above the planetary 1bar reference spheroid. The sudden in-
creaseinplasmaangularvelocityacrosstheopen-closedﬁeld
line boundary is a principal feature of the model. The subse-
quent drop in angular velocity between the outer and middle
magnetosphere maps to a radial distance of ∼15RS in the
equatorial plane in typical models (Bunce et al., 2008a). It
thus corresponds to the outer part of the ring current region
where Sittler et al. (2006) place the auroral oval on closed
ﬁeld lines.
Employing this model, the horizontal Pedersen current per
radian of azimuth (longitude) ﬂowing equatorward in the
ionosphere is given by
I0
hP =
6∗
Pρ2
i SBi
cosαi

1 −

ω
S

, (2)
where 6∗
P is the effective height-integrated ionospheric Ped-
ersen conductivity (taking account of possible neutral at-
mosphere slippage from rigid corotation due to ion-neutral
drag), ρi the perpendicular distance of the ionospheric layer
from the spin and magnetic axes, Bi the ﬁeld strength in the
Pedersen layer, and αi the angle of the ionospheric magnetic
ﬁeld to the local vertical. The value of 6∗
P is not well known,
such that for simplicity a constant value of 1mho was em-
ployed in the CBO model. However, we use an updated value
of S≈1.615×10−4 rads−1 corresponding to a planetary pe-
riod of 10.81h (e.g. Kurth et al., 2007), though this again dif-
fers by only ∼1% from the value employed previously. The
Northern and Southern Hemisphere Pedersen current proﬁles
corresponding to the angular velocity model given by Eq. (1)
is shown in Fig. 3b, in the same format as Fig. 3a. It can
be seen that the current increases monotonically with co-
latitude on open ﬁeld lines to ∼1MA per radian of azimuth
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Fig. 3. Parameters of the CBO model of magnetosphere-ionosphere coupling at Saturn plotted versus co-latitude θi in the ionosphere for the
Northern (dashed lines) and Southern Hemispheres (solid lines), the latter relative to the southern pole. Note that the plots shown here employ
updated internal magnetic ﬁeld and planetary angular velocity values compared with Cowley et al. (2004b), as described in the text, but that
these result only in insigniﬁcant variations at the ∼1% level. The panels of the ﬁgure show (a) the plasma angular velocity ω normalised to
the planet’s angular velocity S, given by Eq. (1), where the horizontal dotted line represents rigid corotation, (b) the equatorward-directed
horizontal ionospheric Pedersen current per radian of azimuth I0
hP, obtained from Eq. (2) with an effective ionospheric Pedersen conductivity
of 1mho, (c) the ﬁeld-aligned current density just above the ionosphere j||i required by the divergence of the horizontal Pedersen current,
given by Eq. (3), where positive and negative values indicate upward and downward-directed currents, respectively, in both hemispheres, and
(d) the azimuthal magnetic ﬁeld Bϕi immediately above the ionospheric Pedersen layer produced by the combined ionospheric current and
ﬁeld-aligned current system, given by Eq. (4), the value for the Northern Hemisphere being reversed in sign for convenience of plotting.
at the open-closed ﬁeld line boundary, falls rapidly at the lat-
ter boundary where the plasma angular velocity increases,
grows again to similar values across the outer and middle
magnetosphere, and falls to small values as rigid corotation
is approached at larger co-latitudes.
The model ﬁeld-aligned current density just above the
ionosphere then follows immediately from current continu-
ity, given by
j||i = −
1
ρi cosαi
dI0
hP
dsi
, (3)
where dsi is a meridional element of path length in the
ionosphere from the pole toward the equator (see Cowley
and Bunce, 2003, for details). The ﬁeld-aligned current is
thus directed downward into the ionosphere (negative val-
ues) where I0
hP rises with co-latitude from the respective
pole, and upward out of the ionosphere (positive) where
I0
hP falls. These currents for the CBO model are shown in
Fig.3c, andcorrespondinglyshowweak(∼15nAm−2)near-
constant downward currents throughout the region of open
ﬁeld lines, strong (∼100nAm−2) upward currents in a nar-
row layer at the open-closed ﬁeld line boundary, moderately
strong (∼50nAm−2) downward currents in the boundary
between the outer and middle magnetosphere in the region
where Sittler et al. (2006) place the auroral oval, and dis-
tributed weaker (∼10nAm−2) upward currents in the mid-
dle magnetosphere. From the fall in the Pedersen current
seen in second panel, the total current ﬂowing up the ﬁeld
lines in the open-closed ﬁeld line boundary in the model is
∼0.8MArad−1. A larger total current ∼1.2MArad−1 also
ﬂows up the ﬁeld lines in the middle magnetosphere region,
but because it is spread over a much larger area, the associ-
ated ﬁeld-aligned current density is signiﬁcantly less.
Field-aligned currents are very difﬁcult to detect in situ in
magnetospheric particle data (unlike their auroral effects be-
low low-altitude acceleration regions), as will be illustrated
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Table 1. Properties of the magnetospheric source electron parameters employed in auroral calculations.
Parameter Magnetosheath Outer magnetosphere Middle magnetosphere
CBO & Revised CBO/Revised CBO & Revised
Electron density N (cm−3) 0.2 0.01/0.04 0.02
Electron thermal energy Wth (keV) 0.05 1.0/2.0 0.15
Unaccelerated current density j||i0 (nAm−2) 37.9 8.48/48.0 65.7
Unaccelerated energy ﬂux Ef0 (mWm−2) 0.00379 0.0170/0.192 0.0197
in the results shown in Sect. 4 below. However, they do
produce a readily-observable signature in the magnetic ﬁeld
above the ionosphere, namely an azimuthal ﬁeld Bϕ that is
added to the (dominantly) poloidal ﬁelds of the planet and
ring current, which deﬂects ﬁeld lines out of magnetic merid-
ian planes. Physically, this deﬂection is caused by the iono-
spheric torque on the ﬁeld line feet due to the ion-neutral col-
lisionsresponsibleforPedersenconductance, andissuchthat
for plasma sub-corotation the twist produces a positive Bϕ in
the Southern Hemisphere, and a negative Bϕ in the Northern
Hemisphere, thus producing a “lagging” ﬁeld conﬁguration.
Application of Amp` ere’s law in the axi-symmetric approxi-
mation yields
Bϕ = ∓µ0I0
hP

ρ , (4)
where I0
hP is the Pedersen current per radian of azimuth at
the feet of the ﬁeld lines in question, and ρ is the perpen-
dicular distance from the rotation and magnetic axis. The
upper and lower signs in Eq. (4) are appropriate to the North-
ern and Southern Hemispheres, respectively. The azimuthal
ﬁeld thus varies along each ﬁeld line inversely with ρ in
the region between the ionospheric Pedersen current layer
and where the ﬁeld-aligned current closes across ﬁeld lines
in the outer magnetosphere. The Bϕ ﬁeld produced by the
CBO model was not calculated by Cowley et al. (2004b),
but is shown in Fig. 3d evaluated just above the model iono-
sphere, the negative values for the Northern Hemisphere
(dashed) being for convenience reversed in sign. The mag-
nitude peaks at ∼100nT on open ﬁeld lines at the open-
closed ﬁeld line boundary, and falls sharply to smaller val-
ues in the outer magnetosphere as the plasma angular veloc-
ity rises towards corotation. This fall in Bϕ is the magnetic
signature of the upward-directed ﬁeld-aligned current ﬂow-
ing in the boundary. A lower peak in Bϕ then also occurs
in the sub-corotating middle magnetosphere region at larger
co-latitudes, rising and falling in association with the pattern
of ﬁeld-aligned currents in accordance with Amp` ere’s law.
Wenowconsidertheupward-directedﬁeld-alignedcurrent
density in the model in relation to auroral acceleration and
precipitation of magnetospheric electrons. Assuming that
the magnetospheric source populations can be described as
isotropic Maxwellians of density N and thermal energy Wth
(equal to kT), the maximum current density and energy ﬂux
that can be provided to the ionosphere without ﬁeld-aligned
electron acceleration are
j||i0 = eN

Wth
2πme
1/2
(5a)
and
Ef0 = 2NWth

Wth
2πme
1/2
. (5b)
These quantities correspond to the case of a full downward-
going loss-cone and an empty upward-going loss-cone, and
are equivalent to the quantities j||e and Ef e computed from
the observed electron distributions in Fig. 2 on the assump-
tion of near-isotropy. If, however, the required upward cur-
rent density is larger than j||i0, a ﬁeld-aligned voltage must
then be present to accelerate the magnetospheric electrons
into the ionosphere. According to Knight’s (1973) theory,
the minimum ﬁeld-aligned voltage which must be present is
8||min =
Wth
e

j||i
j||i0

− 1

, (6)
this value being appropriate if the “top” of the voltage drop
is located at a radial distance well above the minimum value
given by

rmin
Ri

≈

j||i
j||i0
1/3
, (7)
where Ri is the radial distance of the ionospheric current
layer. The enhanced precipitating electron energy ﬂux cor-
responding to Eq. (6) is then
Ef =
Ef0
2
"
j||i
j||i0
2
+ 1
#
, (8)
following Lundin and Sandahl (1978).
The source parameters employed in the CBO model, based
on Voyager electron data, are given in Table 1, together
with the corresponding values of j||i0 and Ef0. The mag-
netosheath and outer magnetosphere parameters are applied
to the upward current at the open-closed ﬁeld line bound-
ary, with magnetosheath parameters taken to apply pole-
ward of the boundary and outer magnetosphere parameters
www.ann-geophys.net/26/2613/2008/ Ann. Geophys., 26, 2613–2630, 20082622 S. W. H. Cowley et al.: Auroral current systems in Saturn’s magnetosphere
(a)
12 13 14 15 16
qiêdeg
-100
-50
50
100
150
200
j»»iênA m-2
(b) 12 13 14 15 16
qiêdeg 0.01
0.05
0.1
0.5
1
5
10
F»»minêkV
(c) 12 13 14 15 16
qiêdeg
1.25
1.5
1.75
2
2.25
2.5
2.75
rminêRi
(d) 12 13 14 15 16
qiêdeg 0.01
0.05
0.1
0.5
1
5
EfêmW m-2
Fig. 4. Auroral acceleration parameters near the open-closed ﬁeld line boundary for the CBO model plotted versus co-latitude θi in the
ionosphere on an expanded scale, for both Northern (dashed lines) and Southern Hemispheres (solid lines). The panels show (a) the ﬁeld-
aligned current density as in Fig. 3, (b) the minimum ﬁeld-aligned voltage 8||min required to produce this current density, given by Eq. (6)
with electron source parameters shown in Table 1, (c) the corresponding precipitating electron energy ﬂux given by Eq. (8), and (d) the
minimum height of the electron acceleration region given by Eq. (7) in terms of the radial distance of the ionospheric Pedersen layer Ri
(equal to RS in a ﬁrst approximation). Note that magnetosheath source parameters are employed poleward of the open-closed ﬁeld line
boundary (essentially where the current density peaks), and outer magnetosphere source parameters equatorward of the boundary.
equatorward of the boundary, switching sharply at the cen-
tre of the current layer where F=FO in Eq. (1). The mid-
dle magnetosphere parameters are then applied to the up-
ward current region at larger co-latitudes on closed ﬁeld
lines. Comparison of the current densities in the latter re-
gion with the limiting middle magnetosphere current den-
sity of ∼65.7nAm−2 shows that ﬁeld-aligned electron ac-
celeration is not required to carry these currents. Further,
the unaccelerated energy ﬂux of these electrons is sufﬁ-
cient to produce auroral emissions of only ∼0.2kR inten-
sity, which is presently undetectable. However, the current
density at the open-closed ﬁeld-line boundary, peaking at
∼150nAm−2 in the model, exceeds the limiting current den-
sities for both magnetosheath (∼38nAm−2) and outer mag-
netospheric (∼8.5nAm−2) source electrons, thus implying
that both source populations must be accelerated along the
ﬁeld lines to carry current densities of this magnitude. The
accelerations required and the resulting energy ﬂuxes are
shown in Fig. 4, where we now focus on the vicinity of the
open-closed ﬁeld line boundary. Figure 4a thus repeats the
current density curves but now on an expanded co-latitude
scale, while Fig. 4b shows the corresponding minimum ﬁeld-
aligned voltage given by Eq. (6), where the step in the plots at
the centre of the northern and southern upward current layers
corresponds to the position where we switch from magne-
tosheath source parameters poleward of the centre to outer
magnetosphere parameters equatorward of the centre, as pre-
viously indicated. It can be seen that the acceleration volt-
ages are ∼100V in the former case and ∼10kV in the lat-
ter. The corresponding precipitating energy ﬂuxes obtained
from Eq. (8) are shown in Fig. 4c. The values in the re-
gion where the current is assumed to be carried by mag-
netosheath electrons are of order ∼0.01mWm−2, again re-
sulting in currently undetectable UV emissions of ∼0.1kR.
However, in the region where the current is assumed car-
ried by outer magnetospheric electrons the energy ﬂux peaks
above ∼1mWm−2, resulting in auroral emissions in excess
of ∼10kR. On this basis Cowley et al. (2004b) concluded
that Saturn’s main oval is likely associated with the bound-
ary between open and closed ﬁeld lines, speciﬁcally with the
region where the upward ﬁeld-aligned current is carried by
accelerated outer magnetosphere electrons. In Fig. 4d we
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then show the minimum height of the acceleration region,
obtained from Eq. (7). It can be seen that while the accel-
eration region for magnetosheath electrons can occur quite
close to the planet, outer magnetospheric electrons must be
accelerated at radial distances in excess of ∼2.5RS.
4 Comparison with Cassini data for Revolution 37
We now consider the behaviour of the plasma and ﬁeld pa-
rameters at Cassini on Rev 37 expected on the basis of
the CBO model, obtained by mapping the model parame-
ters along magnetic ﬁeld lines between the ionosphere and
the spacecraft using the same internal plus ring current ﬁeld
model as employed in Figs. 1 and 2. In Fig. 5a we ﬁrst plot
the co-latitude of the magnetic footprint of the spacecraft in
the southern ionosphere versus UT, over the same 42h inter-
val as shown in Fig. 2. The corresponding model parameter
values over the same interval are then shown in subsequent
panels by the dot-dashed lines, while the solid lines in these
panels correspond to a revised model that will be discussed
later in Sect. 5. Comparison with Fig. 3 then shows that near
the beginning of the interval the spacecraft was located in-
side the model region of open ﬁeld lines at ∼8◦–9◦ South-
ern Hemisphere co-latitude, and that it then passed across
the model open-closed ﬁeld line boundary at ∼14.2◦ into
the outer magnetosphere at ∼02:00UT on 17 January. The
spacecraft then remained within the model outer magneto-
sphere for the rest of the interval shown, eventually cross-
ing the equatorial plane near the inner boundary of the outer
magnetosphere at a radial distance of ∼15RS late in the sec-
ond half of 17 January. These locations are then reﬂected in
the behaviour of the model angular velocity shown in Fig. 5b
(dot-dashed line), whose essential feature is the increase in
normalised angular velocity from 0.3 to 0.8 as the space-
craft crossed from model open ﬁeld lines to closed outer
magnetosphere ﬁeld lines. The conjugate equatorward Ped-
ersen current per radian of azimuth in the model is displayed
in Fig. 5c, showing steady growth as the open-closed ﬁeld-
line boundary is approached, and a subsequent rapid drop on
closed ﬁeld lines as the angular velocity increases towards
rigid corotation. The latter drop in ionospheric horizontal
current is then coincident with the layer of intense upward-
directed ﬁeld-aligned current just above the conjugate iono-
sphere shown in Fig. 5d, together with the related enhanced
precipitating electron energy ﬂux shown in Fig. 5e that pro-
duces the main auroral oval in this model. In Fig. 5f and g
we then show the local ﬁeld-aligned current density at the
spacecraft j||, mapped along ﬁeld lines from the ionosphere
using
 
j||

B

=constant, and the associated local azimuthal
perturbation ﬁeld Bϕ calculated from Eq. (4).
From Fig. 5 it is evident that the potential key observ-
ables are the plasma angular velocity, the ﬁeld-aligned cur-
rent density, and the azimuthal ﬁeld perturbation in situ at the
spacecraft, together with the auroral emission at the feet of
the ﬁeld lines. However, of the in situ parameters, plasma
velocities are difﬁcult to determine from the ion data ob-
tained, and are not presently available. In addition, it can
be seen that the model upward-directed ﬁeld-aligned current
density at the spacecraft peaks at ∼40pAm−2 at the open-
closed ﬁeld line boundary, a value that is typically ∼0.1%
of the current associated with the in situ electron ﬂux mov-
ing in one direction along the ﬁeld lines, shown in the fourth
panel of Fig. 2. The local ﬁeld-aligned current is thus es-
sentially unobservable directly in electron ﬂuxes, as already
mentioned in Sect. 3. However, the related in situ azimuthal
magnetic ﬁeld is distinctly observable, growing to peak posi-
tive values in the model of ∼2nT on open ﬁeld lines near the
open-closed ﬁeld line boundary, and then dropping to smaller
values in the outer magnetosphere due to the reduced iono-
spheric torque as the plasma angular velocity rises, and in
association with the related layer of upward-directed ﬁeld-
aligned current at the boundary. The observations appropri-
ate to the model thus centre on the behaviour of the azimuthal
ﬁeld at the open-closed ﬁeld line boundary, and its relation to
the precipitation of accelerated electrons forming the main
auroral oval.
Thus comparing the key results of the CBO model shown
by the dot-dashed lines in Fig. 5 with the data in Fig. 2,
plotted over the same interval, it is clear that the model and
the data show the same qualitative behaviour. Positive Bϕ
was consistently observed by Cassini in the region of open
ﬁeld lines, which then fell to small values in the outer mag-
netosphere across the cusp open-closed ﬁeld line boundary,
indicative of a major layer of upward-directed ﬁeld-aligned
current ﬂowing in the boundary, with the main UV oval ly-
ing at the feet of these ﬁeld lines. As pointed out by Bunce
et al. (2008b), these data thus provide signiﬁcant support for
the conclusion of Cowley et al. (2004a, b) that Saturn’s auro-
ral oval is associated with a strong shear in rotational ﬂow
across the boundary between open and closed ﬁeld lines,
and its associated layer of upward-directed ﬁeld-aligned cur-
rent. These data do not support the suggestion of Sittler et
al. (2006) that the aurora are formed on closed ﬁeld lines in-
sidethemagnetosphereneartheouter-middlemagnetosphere
boundary, the latter usually mapping near ∼15RS in the
equatorial plane and to ∼16◦–18◦ in the southern ionosphere
(e.g.Bunceetal.,2008a). Indeed, ascanbeseenfromthepo-
sition data in Figs. 1 and 2, the spacecraft only approached
such ﬁeld lines from higher latitudes in the second half of
day 17 during its south to north passage through the dayside
equatorial region, after the interval examined here and shown
in Fig. 2, when the spacecraft was clearly located equator-
ward of the auroral oval. Still less do these data support the
notion of an auroral connection with corotation breakdown
in the central middle magnetosphere.
Although qualitative agreement with the CBO model is
thus apparent, it can also be seen from Figs. 2 and 5 that
the model and data differ quantitatively in three signiﬁcant
respects. The ﬁrst is that the model current layer occurs
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Fig. 5. Model parameters are shown mapped along Southern Hemisphere ﬁeld lines to Cassini using the same magnetic model as employed
in Figs. 1 and 2, plotted versus UT over the same 42h interval of Rev 37 as shown in Fig. 2. Panel (a) ﬁrst shows the co-latitude of the
spacecraft mapped magnetically in the southern ionosphere. In subsequent panels the dot-dashed lines correspond to the CBO model shown
in Figs. 3 and 4, while the solid lines correspond to the revised model shown in Figs. 6 and 7. These panels show (b) the plasma angular
velocity ω normalised to the planet’s angular velocity S, where the horizontal dotted line represents rigid corotation, (c) the equatorward-
directed horizontal ionospheric Pedersen current per radian of azimuth I0
hP in the conjugate ionosphere, (d) the ﬁeld-aligned current density
just above the conjugate ionosphere j||i, where positive and negative values indicate upward- and downward-directed currents, respectively,
(e) the energy ﬂux of precipitating electrons in the conjugate southern ionosphere, those within the upward-directed ﬁeld-aligned current
layer being enhanced by ﬁeld-aligned potentials compared with the source populations given in Table 1, (f) the ﬁeld-aligned current density
in situ at the spacecraft j||, mapped along ﬁeld lines from the ionosphere using
 
j||

B

=constant, and (g) the azimuthal magnetic ﬁeld Bϕ
at the spacecraft produced by the combined Pedersen and ﬁeld-aligned current system, given by Eq. (4).
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somewhat later in time in Fig. 5 than in the data in Fig. 2,
meaning that it is located at slightly too large a co-latitude,
depending on the amount of open ﬂux that happened to be
present in the polar cap at the time. The observed bound-
ary and auroral oval were centred near ∼12◦ in the Southern
Hemisphere rather than the model value of ∼14◦. This dif-
ference lies well within the usual range of oval variability
at Saturn (Badman et al., 2005, 2006). Second, it can be
seen in Fig. 2 that the observed behaviour of Bϕ is not quasi-
monotonic in the boundary region, but shows an initial fall
near ∼12:00UT on 16 January, followed by a subsequent
major rise and fall centred near ∼18:00UT. On a strictly
spatial interpretation this would require the presence of a
major layer of upward-directed ﬁeld-aligned current where
Bϕ initially falls, followed by comparable or larger down-
ward and upward current layers on either side of the subse-
quent Bϕ peak, driven by a layered pattern of strongly sub-
corotating ﬂow where Bϕ is large, and near-corotating ﬂow
where Bϕ is small. Physically, this represents unexpected
and unlikely behaviour, in addition to which there is no ev-
idence in Figs. 1 or 2 for two individual peaks in the conju-
gate UV emission that would correspond to the two compa-
rable but spatially separated layers of upward-directed ﬁeld-
aligned current. It thus seems most likely that the observa-
tions in Fig. 2 correspond to a single current layer that oscil-
lates across the spacecraft, probably related to the planetary
period oscillations in ﬁeld and plasma that are ubiquitous in
Saturn’s magnetosphere (e.g. Cowley et al., 2006; Gurnett
et al., 2007; Southwood and Kivelson, 2007; Andrews et
al., 2008; Nichols et al., 2008). This is the hypothesis that
will be adopted here, while remaining a topic for future in-
vestigation.
The third difference between the CBO model results in
Fig. 5 and the Cassini data in Fig. 2, and the most signiﬁ-
cant, is that the magnitude of the observed azimuthal ﬁeld
on open ﬁeld lines is typically ∼5 times larger than that of
the model, peaking in the boundary region at ∼10nT in-
stead of ∼2nT in the model. Taken together with the small
negative values of Bϕ observed in the outer magnetosphere
region (implying slight plasma super-corotation in terms of
the model), the implication is that the total ﬁeld-aligned cur-
rent ﬂowing in the boundary layer is signiﬁcantly larger than
that in the model, ∼4–5MArad−1 as shown by Bunce et
al. (2008) using Eq. (4), rather than ∼0.8MArad−1 in the
model (Fig. 3b). Combined with Bunce et al.’s (2008) esti-
mate of the layer width of ∼1.5◦ in co-latitude, wider than
in the CBO model by a factor of ∼3, this implies ﬁeld-
aligned current densities just above the top of the atmosphere
peaking near ∼200–300nAm−2, somewhat larger than the
peak Southern Hemisphere ﬁeld-aligned current density of
∼130nAm−2 in the CBO model (Figs. 3c and 4a).
5 Modiﬁed magnetosphere-ionosphere coupling model
for Saturn
Following the above discussion, we thus propose parame-
ter adjustments to the CBO model that bring better agree-
ment with the Rev 37 data. The ﬁrst simple change is to
relocate the open-closed ﬁeld line boundary to ∼12◦ in the
Southern Hemisphere (thus most closely representing auro-
ral conditions for the slightly contracted oval in image B), by
making the revised choice FO=1100nT R2
S in Eq. (1). We
also make the current layer in the boundary wider, as sug-
gested by the analysis of Bunce et al. (2008b), by the choice
1FO=140nT R2
S. In order to make the total upward current
larger by factors of ∼5 as required by the observed Bϕ ﬁelds,
there are two possible choices. The ﬁrst is to increase the
effective height-integrated ionospheric Pedersen conductiv-
ity in Eq. (2) whose value is uncertain as noted above, while
the second is to increase the departure of the plasma ﬂow
from rigid corotation on open ﬁeld lines. However, since
plasma anti-corotation on open ﬁeld lines is not physically
plausible, we set the minimum realistic value
 
ω

S

O =0
in Eq. (1), such that the open ﬁeld lines do not rotate at all
in the inertial frame. We also assume that the plasma near-
rigidly corotates on outer magnetosphere closed ﬁeld lines,
i.e.
 
ω

S

OM =1.0 in Eq. (1). We note that the obser-
vations in Fig. 2 indicate small negative Bϕ values in this
region implying weak super-corotation of the plasma, how-
ever this again seems somewhat inappropriate for a model
intended to represent near-steady state conditions. In or-
der to match the Bϕ ﬁelds observed on open ﬁeld lines we
then require to increase the effective Pedersen conductivity
to 6∗
P=4mho, noting as above the southern summer condi-
tions that prevailed during this period, with the southern pole
being tilted by ∼14◦ towards the Sun. The other model pa-
rameters in Eq. (1) deﬁning the angular velocity proﬁle in the
middle magnetosphere region and its interface with the outer
magnetosphere remain unmodiﬁed, since as indicated above,
Cassini did not enter these regions on Rev 37, and hence did
not provide additional information that could inform revised
choices.
Revised model values using the above parameters are
shown plotted versus co-latitude in the ionosphere in Fig. 6,
in the same format as Fig. 3. For simplicity, the same effec-
tive Pedersen conductivity of 4mho is employed in the re-
sults shown for both hemispheres, though as indicated above,
the conductivity of the Northern Hemisphere could be signif-
icantly reduced compared with the southern under the north-
ern winter conditions prevailing. This would have the ef-
fect of reducing the currents in the north compared with the
south, together with the accelerating voltages and precipitat-
ing electron energy ﬂuxes. The model curves in Fig. 6 show
similar basic patterns as Fig. 3, but the Pedersen currents
are enhanced by factors of ∼4, and thus so too is the mag-
nitude of the azimuthal ﬁeld just above the Pedersen layer,
which now peaks at ∼500nT just inside the boundary of
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Fig. 6. As for Fig. 3, but now for the revised Saturn magnetosphere-ionosphere coupling current model discussed in Sect. 5. In particular the
effective ionospheric Pedersen conductivity has been increased to 4mho in both hemispheres.
open ﬁeld lines, and at ∼300nT in the outer middle magne-
tosphere, assuming that the same elevated ionospheric Ped-
ersen conductivity applies uniformly throughout. The fall in
the Pedersen current across the open-closed boundary is now
∼4MArad−1, equal to the total upward ﬁeld-aligned cur-
rent per radian of azimuth ﬂowing in the boundary, a factor
of ∼5 larger than the ∼0.8MArad−1 ﬂowing in the CBO
model. This increase results from the larger ﬂow shear at
the boundary (factor of two) and the larger Pedersen conduc-
tivity (factor of four), while being reduced somewhat by the
reduced radius of the boundary. This in turn results in larger
ﬁeld-aligned current densities at the open-closed ﬁeld bound-
ary compared with the CBO model, but only by a factor of
about two, because of the increased layer width employed in
the revised model. The ﬁeld-aligned currents on closed ﬁeld
lines at lower latitudes are also signiﬁcantly elevated, with
the downward current at the boundary between the outer and
middle magnetosphere regions now becoming a signiﬁcant
feature, though one whose physical validity requires further
study. We also note that the peak upward current density
in the middle magnetosphere still remains less than the criti-
cal density for downward electron acceleration in this region,
∼66nAm−2 as given in Table 1.
In Fig. 7 we thus continue to focus on auroral acceleration
at the open-closed ﬁeld line boundary in the revised model,
as in Fig. 4. In the revised model, however, we have also
modiﬁed the electron source population parameters com-
pared with the CBO model in light of the observed values
shown in Fig. 2. While the previous magnetosheath param-
eters employed still seem appropriate in this case, the outer
magnetosphere parameters (at least as applicable to Rev 37)
need to be revised upward in both density and temperature.
Here we use N=0.04cm−3 and Wth=2keV in Eq. (5) to ob-
tain a new limiting current density of ∼48nAm−2 in this
region, and a new limiting energy ﬂux of ∼0.2mWm−2, as
also given in the outer magnetosphere column of Table 1.
We note, however, that this elevated value of the outer mag-
netosphere limiting current density still falls considerably
short of the peak ionospheric ﬁeld-aligned current density in
the open-closed boundary, shown on an expanded co-latitude
scale in Fig. 7a (as anticipated in the discussion of Fig. 2 in
Sect. 3). Thus as in the original CBO model, acceleration of
magnetospheric source electrons at the open-closed bound-
ary is required whether they originate from magnetosheath or
outer magnetosphere sources. The ﬁeld-aligned voltage pro-
ﬁles displayed in Fig. 7b show acceleration over a broader
co-latitude region than in Fig. 4b, now peaking at ∼300V
where the current is taken to be carried by magnetosheath
electrons poleward of the open-closed ﬁeld line boundary
(where the current density peaks), but still near ∼10kV in
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Fig. 7. As for Fig. 4, but now for the revised Saturn magnetosphere-ionosphere coupling current model discussed in Sect. 5.
the region where the current is taken to be carried by outer
magnetosphere electrons. The resulting precipitating energy
ﬂuxes shown in Fig. 7c are again weak where the current is
carried by accelerated magnetosheath electrons, peaking at
∼0.1mWm−2, thus producing UV emissions of only ∼1kR.
However, the precipitating energy ﬂux exceeds ∼1mWm−2
in the region where the current is carried by outer magneto-
sphere electrons, thus again resulting in the formation of an
auroral oval with UV emission intensities of a few tens of
kR, which is now somewhat wider than in the CBO model.
We also note that the horizontal lines extending to larger co-
latitudes in this plot represent the precipitating energy ﬂux
of the unaccelerated outer magnetosphere source electrons,
which as indicated above is ∼0.2mWm−2 according to the
revised model values (see also Fig. 2). This is then capable
of producing UV emission of ∼2kR intensity in a region ex-
tending a few degrees equatorward of the main oval mapping
to the outer magnetosphere, if particle pitch-angle scattering
is sufﬁcient to maintain a full loss cone. Under favourable
circumstances this emission might be detectable as a low-
intensity “halo” extending equatorward of the main oval lo-
cated at the open-closed boundary. Figure 7d then shows that
the auroral acceleration regions in this case must form at ra-
dial distances exceeding ∼2RS, a smaller limiting distance
than in the CBO model for the principal outer magnetosphere
source region, due to the higher number ﬂux of the source
population.
We ﬁnally return to Fig. 5, where the parameters of the
revised model are mapped along model ﬁeld lines to the
Cassini spacecraft as for the CBO model, and are shown by
the solid lines. Here the critical feature is the revised Bϕ
signature at the spacecraft shown in Fig. 5g, which is in-
creased by a factor of about four compared with the CBO
model, and peaks at ∼10nT near the revised boundary of
open and closed ﬁeld lines in good overall agreement with
the observed values in Fig. 2. This, taken together with the
related precipitating electron energy ﬂux proﬁle in Fig. 5e,
showing the formation of a UV auroral oval at the feet of the
boundary ﬁeld lines with peak intensities of ∼30kR, com-
pletes our demonstration of the overall agreement between
the revised magnetosphere-ionosphere coupling model pre-
sented here with the observations in Fig. 2. The model oval
is somewhat narrower and brighter than the observed oval
emissions along the spacecraft track plotted in the bottom
panel of Fig. 2 (see also Fig. 1), but as discussed above in
Sect. 3, the latter will have been somewhat spread in co-
latitude by instrument resolution and projection effects, pos-
sibly by factors of 2–3.
6 Summary and conclusions
The ﬁrst coordinated Cassini observations on southern high-
latitude ﬁeld lines in Saturn’s magnetosphere combined with
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imaging of the southern polar UV emissions by the HST
has shown that the main oval at noon is associated with a
major layer of upward-directed ﬁeld-aligned current span-
ning the cusp boundary between open and closed ﬁeld lines
(Bunce et al., 2008b). These ﬁndings thus support the con-
clusions drawn from prior theoretical discussion by Cowley
et al. (2004a) and the subsequent quantitative modelling of
Cowley et al. (2004b) (the “CBO” model), that associate
Saturn’s auroral oval with ﬂow shear and ﬁeld-aligned cur-
rents at the open-closed ﬁeld line boundary. Given the qual-
itative correspondence between these observations and the
CBO model, we have therefore made a detailed quantitative
comparison, showing that agreement requires the presence
both of a major shear in azimuthal ﬂow at the boundary, to-
gether with an effective ionospheric Pedersen conductivity
that is larger than that previously employed by a factor of
about four (i.e. a conductivity of ∼4mho, compared with
∼1mho). We note that this enhanced conductivity applies
to the southern ionosphere under summer conditions. These
factors increase the total upward-directed ﬁeld-aligned cur-
rent per radian of azimuth ﬂowing in the model open-closed
ﬁeld line boundary by a factor of about ﬁve compared with
the CBO model, from ∼0.8MArad−1 to ∼4MArad−1, in
accordance with the observations. This also results in in-
creased ﬁeld-aligned current densities in the boundary by a
factor of about two, offset by an increased width of the layer
suggested by the Cassini data. The Cassini data also suggest
that the electron number ﬂux in the outer magnetosphere re-
gion that forms the primary source of auroral electrons is
signiﬁcantly larger than that employed in the CBO model
based on Voyager data, but nevertheless the model current
densities still require acceleration of these electrons along
the ﬁeld lines through ∼10kV voltages. The precipitating
energy ﬂux of the accelerated electrons is then sufﬁcient to
produce UV emissions of a few tens of kR intensity, similar
to those observed by the HST in the main oval. The unac-
celerated outer magnetosphere electrons may also provide a
“halo”ofweakfew-kRUVemissionsextendingequatorward
of the main oval by a few degrees, provided these electrons
are sufﬁciently pitch-angle scattered that their loss cone is
maintained full.
While thus providing support for the view that Saturn’s
main oval emissions map to the open-closed ﬁeld line bound-
ary, the data discussed here do not support the idea that Sat-
urn’s aurora map to the corotation breakdown region in the
middle magnetosphere as they do at Jupiter, nor the theo-
retical discussion of Sittler et al. (2006) that places the oval
inside the magnetosphere on closed ﬁeld lines mapping typi-
cally to ∼15RS in the equatorial plane, corresponding to the
vicinity of the boundary between outer and middle magne-
tosphere ﬁeld lines. Of course our particular results relate
speciﬁcally to the vicinity of the dayside cusp near to noon.
However, as in the present case shown in Fig. 1, Saturn’s
oval in the vicinity of noon is generally either continuous
with or connected to the oval at other local times (see e.g.
G´ erard et al., 2005), thus suggesting a common or directly
related origin. It will thus be of interest in future analysis of
Cassini data to determine whether the major layer of upward-
directed ﬁeld-aligned current that has been related here to the
main oval emissions is also present at the open-closed ﬁeld
line boundary at other local times.
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